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Collisional processes in ultrarelativistic N = 1 SUSY QED plasma are studied and compared
to those in an electromagnetic plasma of electrons, positrons and photons. Cross sections of all
binary interactions which occur in the supersymmetric plasma at the order of e4 are computed.
Some processes, in particular the Compton scattering on selectrons, appear to be independent of
momentum transfer and thus they are qualitatively different from processes in an electromagnetic
plasma. It suggests that transport properties of the SUSY plasma are different than those of its non-
supersymmetric counterpart. Energy loss and momentum broadening of a particle traversing the
supersymmetric plasma are discussed in detail and the characteristics are shown to be surprisingly
similar to those of QED plasma.
I. INTRODUCTION
This is our second paper where the ultrarelativistic N = 1 SUSY QED plasma is studied and compared to an
electromagnetic plasma of electrons, positrons and photons. In the first one [1] we analyzed collective excitations of
a supersymmetric plasma finding a rather surprising similarity between the two systems. Here we focus on collisional
processes which control transport properties of the plasmas.
Our motivation to study the supersymmetric plasma is twofold. First of all supersymmetry is a good candidate
to be a symmetry of Nature at sufficiently high energies and if true, supersymmetric plasmas existed in the early
Universe. Experiments at the Large Hadron Collider can soon show whether there is any evidence to support the idea
of supersymmetry. However, independently of its ontological status, supersymmetric field theories are worth studying
because of their unique features. The AdS/CFT duality of the five-dimensional gravity in the anti de Sitter geometry
and the conformal field theories, see the review [2], revived a great interest in the N = 4 supersymmetric Yang-Mills
theory which is both classically and quantum mechanically conformally invariant.
AdS/CFT duality has provided a method to study strongly coupled field theories and numerous interesting results
have been obtained, see the reviews [3, 4], but the relevance of the results for non-supersymmetric theories, which are
of actual interest, is somewhat unclear. A systematic comparative analyses of supersymmetric systems and their non-
supersymmetric counterparts can be done in the domain of weak coupling where perturbative methods are applicable
and several studies have been performed [5–10]. We are particularly interested in non-equilibrium plasmas, which have
not attracted much attention yet. We have started with the supersymmetric N = 1 QED plasma which is noticeably
simpler than that of N = 4 Super Yang-Mills.
As already mentioned, we discuss here collisional processes in the N = 1 QED plasma which is assumed to be
ultrarelativistic and thus all particles are treated as massless. We first compute cross sections of all binary processes
which occur at the lowest nontrivial order of α ≡ e2/4pi. There appears to be a class of binary interactions in the
SUSY plasma which are qualitatively different than those in the electromagnetic plasma of electrons, positrons and
photons where the interactions with small momentum transfer are dominant. For example, Compton scattering on
selectrons is isotropic in the center-of-mass frame while the usual Compton scattering on electrons mostly occurs at
small angles. Since collisional processes determine transport properties of a many-body system, the supersymmetric
plasma can be expected to be rather different than its non-supersymmetric counterpart. It should be remembered,
however, that the temperature is the only dimensional parameter which characterizes the equilibrium ultrarelativistic
plasma. Consequently, the parametric form of transport coefficients can be determined by dimensional arguments.
For example, the shear viscosity must be proportional to T 3/α2 and it is thus hard to expect that the viscosity of
supersymmetric plasma is qualitatively different than that of electromagnetic one. Indeed, the shear viscosity of an
N = 4 Super Yang Mills plasma is rather similar that of a quark-gluon plasma [6].
We consider here two transport characteristics of the N = 1 QED plasma which are not so constrained by di-
mensional arguments. Specifically, we compute the collisional energy loss and momentum broadening of a particle
traversing the equilibrium plasma. The latter quantity determines a magnitude of radiative energy loss of highly
energetic particle in a plasma [11]. The dimensional argument does not work here because the two quantities depend
not only on the plasma temperature but on the energy of test particle as well. We show that the energy loss and
ar
X
iv
:1
10
8.
23
88
v3
  [
he
p-
th]
  1
5 O
ct 
20
11
2momentum broadening in SUSY plasma appear to be surprisingly similar to those in electromagnetic one.
Our paper is organized as follows. In the subsequent section, we introduce N = 1 SUSY QED by writing down
and discussing its lagrangian. In Sec. III we enlist and analyze the binary processes which occur in the plasma. Secs.
IV and V are devoted to the problem of, respectively, energy loss and momentum broadening of a test particle. The
paper is closed with a summary of our main results and conclusions. The natural system of units with c = h¯ = kB = 1
and the signature of the metric tensor (+−−−) are used throughout the article.
II. N = 1 SUSY QED
The lagrangian of N = 1 SUSY QED is known, see e.g. [12], to be
L = −1
4
FµνFµν + iΨ¯D/Ψ +
i
2
Λ¯∂/Λ + (DµφL)
∗(DµφL) + (D∗µφR)(D
µφ∗R) (1)
+
√
2e
(
Ψ¯PRΛφL − Ψ¯PLΛφ∗R + φ∗LΛ¯PLΨ− φRΛ¯PRΨ
)− e2
2
(
φ∗LφL − φ∗RφR
)2
,
where the strength tensor Fµν is expressed through the electromagnetic four-potential Aµ as Fµν ≡ ∂µAν − ∂νAµ
and the covariant derivative equals Dµ ≡ ∂µ + ieAµ; Λ is the Majorana bispinor photino field, Ψ is the Dirac bispinor
electron field, φL and φR are the scalar left selectron and right selectron fields; the projectors PL and PR are defined
in a standard way PL ≡ 12 (1− γ5) and PR ≡ 12 (1 + γ5). Since we are interested in ultrarelativistic plasmas, the mass
terms are neglected in the lagrangian.
As seen in the lagrangian (1), there is a self-interaction of selectron field due to the terms (φ∗LφL)
2, (φ∗RφR)
2 and
−2φ∗LφLφ∗RφR. There is also a four-boson coupling φ∗L,RφL,RAµAµ of the selectron with the electromagnetic field.
Such a contact interaction is qualitatively different than that caused by a massless particle exchange. The scattering
cross section in the absence of other interactions is isotropic in the center-of-mass frame of colliding particles and
the energy and momentum transfers are bigger than that in electromagnetic interactions. Therefore, one expects
that consequently transport properties of supersymmetric N = 1 QED plasma differ from those of QED plasma of
electrons, positrons and photons. To test this expectation, in the next section we compute the cross sections of binary
processes which occur in N = 1 SUSY QED plasma in the lowest non-trivial order of the coupling constant α ≡ e2/4pi.
Further on, the cross sections are used to derive the energy loss and momentum broadening of an energetic particle
traversing the plasma.
III. CROSS SECTIONS OF BINARY INTERACTIONS
We discuss here the cross sections of all binary interactions contributing at the order of α2 (α ≡ e2/4pi). The
processes along with corresponding Feynman diagrams and cross sections are listed in Table I. Electrons, selectrons,
photons and photinos are denoted as e, e˜, γ, γ˜. In every process the initial and/or final state particles can carry
positive or negative charge; selectrons can be additionally ‘R’ (right) or ‘L’ (left). For each listed reaction the
Feynman diagrams from the third column correspond to the first combination of charges of interacting particles. For
example, the Feynman diagrams of the process e∓e∓ −→ e∓e∓ actually represent the scattering e−e− −→ e−e−. The
solid, dashed, wavy and double-solid lines in the Feynman diagrams correspond to electrons, selectrons, photons and
photinos, respectively.
The computed cross sections, which are averaged over initial polarizations of colliding particles and summed over
polarizations of final state particles, are expressed through the Mandelstam invariants s, t and u defined in the standard
way. For a process denoted as ab −→ cd, we have
s ≡ (p+ p1)2, t ≡ (p− p′)2, u ≡ (p− p′1)2, (2)
where p, p1, p
′, p′1 are four-momenta of particles a, b, c, d, respectively. The corresponding Feynman diagrams are drawn
in such a way that particle a comes from the upper left corner of the diagram, particle b comes from the lower left
corner, particle c goes to the upper right, and particle d goes to the lower right corner.
The first five processes from Table I occur in a supersymmetric QED plasma and in an electromagnetic plasma of
electrons, positrons and photons. The remaining process are characteristic for the N = 1 SUSY QED plasma. As
can be seen from Table I, the processes No. 6 – 8 and 23 – 26 are independent of momentum transfer. As a result,
the scattering is isotropic in the center-of-mass frame of colliding particles. Such processes are qualitatively different
from those in an electromagnetic plasma (processes No. 1 – 5) which are dominated by an interaction with small
momentum transfer. We also observe that for each plasma particle e, γ, e˜, γ˜ there is a process in which the cross
section is independent of momentum transfer.
3TABLE I: Cross sections of binary processes
n0 process diagrams cross section dσ
dt
1 e∓e∓ −→ e∓e∓ 2piα2
s2
(
s2+u2
t2
+ s
2+t2
u2
+ 2s
2
tu
)
2 e±e∓ −→ e±e∓ 2piα2
s2
(
s2+u2
t2
+ u
2+t2
s2
+ 2u
2
ts
)
3 γe∓ −→ γe∓ − 2piα2
s2
(
s
u
+ u
s
)
4 e±e∓ −→ γγ 2piα2
s2
(
t
u
+ u
t
)
5 γγ −→ e∓e± 2piα2
s2
(
t
u
+ u
t
)
6 γ˜e∓ −→ γ˜e∓ 4piα2
s2
7 e±e∓ −→ γ˜γ˜ 4piα2
s2
8 γ˜γ˜ −→ e∓e± 4piα2
s2
9 γ˜e∓ −→ γe˜∓L,R piα2s2 tu
10 γe˜∓L,R −→ γ˜e∓ 2piα2s2 tu
11 γe∓ −→ γ˜e˜∓L,R − 2piα2s2 ts
12 γ˜e˜∓L,R −→ γe∓ − 2piα2s2 ts
13 e˜±L,Re
∓ −→ γ˜γ − 2piα2
s2
s
t
14 γ˜γ −→ e˜∓L,Re± −piα2s2 st
415 e˜∓L,Re
∓ −→ e˜∓L,Re∓ − 2piα2s2 s(s
2+u2)
ut2
16 e˜±L,Re
∓ −→ e˜±L,Re∓ − 2piα2s2 u(s
2+u2)
st2
17 e±e∓ −→ e˜±L,Re˜∓L,R piα2s2 u(t
2+u2)
ts2
18 e˜±L,Re˜
∓
L,R −→ e±e∓ 4piα2s2 u(t
2+u2)
ts2
19 e˜∓L,Re˜
∓
L,R −→ e˜∓L,Re˜∓L,R 4piα2s2
(
u
t
+ t
u
)2
20 e˜±L,Re˜
∓
L,R −→ e˜±L,Re˜∓L,R 4piα2s2
(
s
t
+ t
s
)2
21 e˜∓L,Re˜
∓
R,L −→ e˜∓L,Re˜∓R,L 4piα2t2
22 e˜±L,Re˜
∓
R,L −→ e˜±L,Re˜∓R,L 4piα2s2 u
2
t2
23 e˜±L,Re˜
∓
R,L −→ e˜±R,Le˜∓L,R piα2s2
24 e˜∓L,Re˜
∓
L,R −→ e˜∓R,Le˜∓R,L piα2s2
25 γe˜∓L,R −→ γe˜∓L,R 4piα2s2
26 e˜±L,Re˜
∓
L,R −→ γγ 8piα2s2
27 γγ −→ e˜∓L,Re˜±L,R 2piα2s2
28 γ˜e˜∓L,R −→ γ˜e˜∓L,R − 2piα
2
s2
(
u
s
+ s
u
)
529 e˜±L,Re˜
∓
L,R −→ γ˜γ˜ 4piα
2
s2
(
u
t
+ t
u
)
30 γ˜γ˜ −→ e˜±L,Re˜∓L,R piα
2
s2
(
u
t
+ t
u
)
31 e˜±L,Re
∓ −→ e±e˜∓R,L − 2piα
2
s2
(
s
t
+ t
s
)
32 e∓e∓ −→ e˜∓L,Re˜∓R,L piα
2
s2
(
u
t
+ t
u
)
33 e˜∓L,Re˜
∓
R,L −→ e∓e∓ 4piα
2
s2
(
u
t
+ t
u
)
IV. ENERGY LOSS
As already mentioned, for each type of plasma particle there is a binary process with a cross section independent of
t or u. The matrix element of such a process is simply a number. We compute here the energy loss caused by such an
interaction. To be specific, we consider a high energy selectron traversing an equilibrium N = 1 SUSY QED plasma.
The selectron interacts with plasma particles of all types but we take into account only scattering on photons. This is
only for demonstration but in general all processes, which contribute additively to the energy loss, must be included.
The selectron initial four-momentum is denoted as pµ = (E,p) with E ≡ |p| and that of a plasma photon as
pµ1 = (E1,p1). The final four-momenta of the selectron and photon are, respectively, p
′µ = (E′,p′) and p′µ1 = (E
′
1,p
′
1).
The energy loss of the selectron per unit length is then
dE
dx
= −
∫
dΓ(E − E′), (3)
where dΓ is the interaction rate given as
dΓ = |M|2 n(p1)
16EE′E1E′1
d3p1
(2pi)3
d3p′
(2pi)3
d3p′1
(2pi)3
(2pi)4 δ(4)(p+ p1 − p′ − p′1); (4)
n(p1) is the distribution function of plasma photons and M denotes the scattering amplitude. We have neglected
here the quantum factor n(p′1) + 1 which is important when the momentum of final state photon is of order of plasma
temperature. Since the scattering process under consideration leads to a sizable momentum transfer and we are
mostly interested in energy loss of a highly energetic particle, the factor can be safely ignored.
When M describes a scattering driven by a one-photon exchange, the formula (3) with the rate (4) leads to an
infinite result due to the long range nature of electromagnetic interaction. The problem is cured by including the effect
of screening in a plasma medium. In the case of photon-selectron scattering the matrix element equals |M|2 = 4e4
and it does not need any modification to provide a finite energy loss.
Substituting the interaction rate (4) with |M|2 = 4e4 into Eq. (3) and performing the trivial integration over p′1,
we obtain
dE
dx
= −e
4
4
∫
d3p1
(2pi)3
d3q
(2pi)3
n(p1)(E − E′)
E2E1E′1q
2piδ(cos θ − cos θ), (5)
where q ≡ p′ − p = p1 − p′1 is the momentum transfer and q ≡ |q|; θ is the angle between the vectors p and q and
cos θ is the solution of the energy conservation equation
cos θ =
(E + E1 − E′1)2 − E2 − q2
2qE
(6)
6provided −1 ≤ cos θ ≤ 1.
Now we make use of the assumption that the plasma is in thermal equilibrium and therefore is isotropic. As a
result, the momentum distribution of plasma photons depends on p1 only through E1 and we write it as n(E1).
Consequently, the energy loss is independent of the orientation of the momentum p. Therefore, following [13] we
average the formula (5) over the orientation of p with respect to q and we get
dE
dx
=
∫
dΩ
4pi
dE
dx
= − e
4
28pi5
∫
d3p1d
3q
n(E1)(E − E′)
E2E1E′1q
. (7)
We write down the integral over q in spherical coordinates where the axis z is along the momentum p1. Then, the
integral over orientation of p1 is trivial and one obtains
dE
dx
= − e
4
25pi3
∫ ∞
0
dE1E
2
1
∫ qmax
qmin
dqq2
∫ (cos θ1)max
(cos θ1)min
d(cos θ1)
n(E1) (E − E′)
E2E1E′1q
, (8)
where θ1 is the angle between the vectors p1 and q. The integration limits must be chosen in such a way that the
energy conservation is satisfied. Instead of cos θ1 it appears more convenient to use the variable ω ≡ E − E′ =√
E21 − 2E1q cos θ1 + q2 − E1. Then, the expression (8) can be written in the form
dE
dx
= − e
4
25pi3E2
∫ ∞
0
dE1n(E1)
∫ qmax
qmin
dq
∫ ωmax
ωmin
dω ω. (9)
To find the integration limits we express cos θ, which is given by Eq. (6), through the variable ω and we demand
that −1 ≤ cos θ ≤ 1 keeping in mind that −E1 ≤ ω ≤ E. Then, a somewhat lengthy but elementary analysis leads to
the expression
dE
dx
= − e
4
25pi3E2
{∫ E
0
dE1n(E1)
[ ∫ E1
0
dq
∫ q
−q
dω ω +
∫ E
E1
dq
∫ q
q−2E1
dω ω +
∫ E+E1
E
dq
∫ 2E−q
q−2E1
dω ω
]
+
∫ ∞
E
dE1n(E1)
[ ∫ E
0
dq
∫ q
−q
dω ω +
∫ E1
E
dq
∫ 2E−q
−q
dω ω +
∫ E+E1
E1
dq
∫ 2E−q
q−2E1
dω ω
]}
, (10)
which after performing simple integrations over q and ω gives
dE
dx
= − e
4
25pi3E
∫ ∞
0
dE1n(E1)
(
EE1 − E21
)
. (11)
To check correctness of rather complicated integration domain in Eq. (11), one observes that the integral (10)
becomes simple when ω ≡ E − E′ is replaced by unity. Then, the integral∫
d3p′
(2pi)32E′
d3p′1
(2pi)32E′1
(2pi)4 δ(4)(p+ p1 − p′ − p′1) =
1
8pi
(12)
is Lorentz invariant and it can be easily computed in the center-of-mass frame. We have reproduced this result in an
arbitrary frame performing the integration over the domain in q − ω space shown in Eq. (10).
The energy distribution of photons in equilibrium plasma is of Bose-Einstein form
n(E) =
2
e
E
T − 1 , (13)
where the factor of 2 takes into account two photon polarizations and T is the plasma temperature. Substituting the
distribution (13) into Eq. (11), one finds
dE
dx
= − e
4
253pi
T 2
[
1− 12ζ(3)
pi2
T
E
]
, (14)
where ζ(z) is the zeta Riemann function and ζ(3) ≈ 1.202.
In the limit E  T we have the result
dE
dx
= − e
4
253pi
T 2, (15)
7which should be confronted with the energy loss of an energetic muon in ultrarelativistic electromagnetic plasma of
electrons, positrons and photons [13]
dE
dx
= − e
4
48pi3
T 2
(
ln
E
eT
+ 2.031
)
. (16)
As seen, the formulas (15, 16) are similar to each other up the logarithm term which is discussed later on. The
similarity is rather surprising if one realizes how different are the differential cross sections of interest. Let us discuss
why it happens.
The energy loss can be estimated as [14] dEdx ∼ 〈∆E〉/λ, where 〈∆E〉 is the typical change of particle’s energy in a
single collision and λ is the particle’s mean free path given as λ−1 = ρ σ with ρ ∼ T 3 being the density of scatterers
and σ denoting the cross section. For the differential cross section dσdt ∼ e4/s2, the total cross section is σ ∼ e4/s.
When a highly energetic particle with energy E scatters on massless plasma particle, s ∼ ET and consequently
σ ∼ e4/(ET ). The inverse mean free path is thus estimated as λ−1 ∼ e4T 2/E. When the scattering process is
independent of momentum transfer, 〈∆E〉 is of order E and we finally find −dEdx ∼ e4T 2. When compared to the case
of Coulomb scattering, the energy transfer in a single collision is much bigger but the cross section is smaller in the
same proportion. Consequently, the two interactions corresponding to very different differential cross sections lead to
very similar energy losses. The authors of [15] arrived to the analogous conclusion discussing viscous corrections to
the distribution function caused by the collisions driven by a one-gluon exchange or by a φ4 contact interaction.
The Coulomb energy-loss formula (16) differs from (15) by the logarithm term which comes from the integration
over the momentum transfer from the minimal (qmin) to maximal (qmax) value. The latter one is of order of energy
of the test particle (qmax ∼ E). In vacuum qmin = 0 and consequently the integral, which equals ln(qmax/qmin),
diverges. In a plasma medium the long range Coulomb forces are screened and qmin is of order of Debye mass which
in ultrarelativistic plasma is roughly eT . Thus, the logarithm term gets the form as in Eq. (16).
V. BROADENING OF TRANSVERSE MOMENTUM
We consider here a second transport characteristic of an equilibrium N = 1 SUSY QED plasma which is the
momentum broadening of an energetic selectron due to its interaction with plasma photons. The quantity, which is
usually denoted as qˆ, determines the magnitude of radiative energy loss of a highly energetic particle in a plasma
medium [11]. It is defined as
qˆ =
∫
dΓ q2T , (17)
where dΓ is, as previously, the interaction rate and qT is the momentum transfer to the selectron which is perpendicular
to the selectron initial momentum.
Since qˆ is computed in exactly the same way as the energy loss, it can be obtained by replacing E′ − E by q2T in
the formulas from the previous section. Then, instead of equation (11) one finds
qˆ =
e4
243pi3E
∫ ∞
0
dE1n(E1)
[
EE21 +
2
3
E31
]
. (18)
With the momentum distribution of plasma photons of the Bose-Einstein form (13), Eq. (18) gives
qˆ =
e4
12pi3
T 3
[
ζ(3) +
pi4
45
T
E
]
. (19)
When the momentum broadening is caused by scattering driven by one-photon exchange, qˆ is of the order
e4 ln(1/e)T 3 [16]. Therefore, we conclude that the momentum broadening and consequently the radiative energy
loss of a highly energetic particle in the SUSY QED plasma is similar (up the logarithm term) to that in the elec-
tromagnetic plasma of electrons, positrons and photons. The logarithm occurs for the same reason as in the case of
energy-loss formula.
VI. SUMMARY AND CONCLUSIONS
After studying collective excitations of N = 1 SUSY QED plasma and finding them very similar to that of electro-
magnetic plasma of electrons, positrons and photons [1], we have focused our attention on collisional processes. First
8of all we have computed cross sections of all binary interactions which occur in the N = 1 SUSY QED plasma at the
lowest nontrivial order of α. We have found a class of processes, Compton scattering on selectrons for example, the
cross sections of which are independent of momentum transfer. These processes, in contrast to those characteristic for
QED plasma, are not dominated by interactions with small momentum transfer and there exists such a process for a
plasma particles of every type. One can suspect that due to these processes, transport properties of a supersymmetric
system are different than those of its non-supersymmetric counterpart. We have derived the formulas for energy
loss and momentum broadening of an energetic particle, showing that the N = 1 SUSY QED plasma is actually
surprisingly similar to the QED plasma.
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